The mechanism of the uncatalyzed hydrolysis of N-sulfinylaniline (Ph-N=S=O) has been studied with B3LYP/6-31+G(2d,2p) in the gas phase, with explicit treatment of water molecules. Hydrolysis involves water attack on sulfur, with a close to perpendicular alignment of a water molecule and the NSO plane in both prereaction complexes and transition states for the rate-determining step. Consequently, the distance of the weak S···O interaction, together with the efficiency of protonation of either nitrogen (attack across the N=S bond) or oxygen (attack across the S=O bond) atoms of the NSO group, determines the height of the activation barrier for hydrolysis. While the reaction with one water molecule is characterized by an unreasonably high enthalpy of activation, a cooperative effect from the weak interactions appears with the inclusion of a second water molecule, where both participate in the reaction, and the activation enthalpy drops significantly. The preference for attack across the S=O bond that is found in the reaction with one water molecule switches to a dominance of attack across the N=S bond in the reaction with three water molecules.
Introduction
Our interest in the electronic and molecular structures of NSO species (1, 2) is closely related to their reactivity. NSulfinylamines (R-N=S=O) were first prepared by Michaelis in 1890 (3) and their reaction with water was one of the first properties to be observed experimentally. While aromatic Nsulfinylamines are insoluble in water and hydrolized very slowly in it as well as in dilute acids, warm alkaline solutions or concentrated acids lead to their rapid hydrolysis (4) . Aromatic N-sulfinylamines in particular are widely employed in synthetic organic chemistry, as they readily undergo a variety of cycloaddition reactions to yield N,Sheterocycles (Diels-Alder reactions as both dienes and dienophiles (5-7), 1,2-cycloadditions, and 1,3-dipolar additions (8, 9) ). Common to all these reactions is the attack on the sulfur of the NSO group, and hydrolysis can be considered as the prototype reaction. Therefore, an understanding of the initial steps of the hydrolysis reaction mechanism of N-sulfinylaniline is fundamental to its exploitation in similar reactions involving N-sulfinylamines.
The mechanism for hydrolysis of N-sulfinylamines is believed to proceed through nucleophilic addition of a water molecule to the NSO group with the formation of sulfinamic acid, followed by the acid's fast decomposition to sulfur dioxide and a primary amine (Scheme 1) (10) . Aromatic Nsulfinylamines are known to be somewhat resistant towards water, whereas aliphatic N-sulfinylamines hydrolyze more readily (4) . For N-sulfinylaniline (Ph-N=S=O), kinetics studies using UV spectroscopy showed neutral hydrolysis to be a slow process (11, 12) , with an induction period of approximately 4 h (12) . The reaction is complicated by autocatalysis from aniline, formed as a product of the reaction, which explains the relatively low activation energy of 9.88 kcal mol -1 (1 cal = 4.184 J) in a water-1,4-dioxane (1:1) solution (11) . In the presence of pyridine as a base or with a combination of pyridine and a carboxylic acid, the rate of reaction increases significantly (12) . General base catalysis was proposed for the hydrolysis in the presence of pyridine, where the formation of a pyridine-water complex increases the nucleophilic properties of water and facilitates its interaction with the electrophilic sulfur atom. This is proposed to be the rate-determining step of hydrolysis. It is a third-order reaction, first-order in each N-sulfinylaniline, water, and pyridine, with an overall rate constant of 2.96 × 10 3 L 2 mol -2 s -1
and a low enthalpy of activation of 5.7 kcal mol -1 for the 20-40°C temperature range.
For the combined catalysis by pyridine and a carboxylic acid, initial protonation of either nitrogen or oxygen atoms of the NSO group was predicted (12) . This would lead to an increase in the net positive charge on the sulfur atom and promote the addition of a water molecule to the NSO group. This acid catalysis is not part of the discussion in the present paper.
While literature data on the hydrolysis of N-sulfinyl compounds are limited (11, 12) , the hydrolysis of their cumulated analogs (isocyanates, R-N=C=O) was intensively studied, both experimentally (13) (14) (15) and computationally (16) . Based on their structural similarities, one might expect similar reactivities for these two classes of compounds. And while the NCO group is more or less linear, whereas the NSO group is bent with a sulfur bond angle of 120.6°as determined from X-ray diffraction analysis (17) , the similar solvent kinetic isotope effects k(H 2 O)/k(D 2 O) of 1.65 for PhNCO (14) and 1.73 for PhNSO (12) seem to support the idea of similar reactivities and possibly similar mechanisms in the hydrolysis of these compounds.
A second-order dependence on water was found in the neutral hydrolysis of alkyl-and aryl-substituted isocyanates (13, 14, 16) , where one molecule acts as a general acid and the other as a general base. This is closely related to the base-catalyzed hydrolysis of N-sulfinylaniline, if one water molecule is considered to take the role of the catalyst (pyridine). For the hydrolysis of 4-chlorophenyl isocyanate, however, a third-order dependence with respect to water concentration was reported (15) . We therefore decided to explore the neutral hydrolysis of N-sulfinylaniline computationally to determine its mechanism and the number of water molecules involved.
Computational details
All geometry optimizations were performed with the Becke3 (18) -Lee, Young, and Parr (B3LYP) hybrid density functional (19) with the 6-31+G(2d,2p) basis set, using the GAUSSIAN 98 suite of programs (20) . This computational level best reproduces the observed geometry (X-ray analysis) of N-sulfinylaniline (17) , and the basis set superposition error (BSSE) (21) consists of less than 0.7 kcal mol -1 for the ternary complexes (counterpoise = 3, full geometry optimization). 3 All structures were optimized without constraints. The complexes and their transition states were studied in the gas phase, as it was found in similar studies of the hydrolysis of isocyanates (16) and amides (22) that the inclusion of the solvent as a dielectric continuum only leads to a small decrease in the activation barrier. Vibrational frequencies and zero-point vibrational energies (ZPVE) were obtained at the preceding level of theory. The identity of each transition state was additionally verified using the intrinsic reaction coordinate (IRC) method (23, 24) . The total (E tot ) and ZPVE-corrected energies (E tot + ZPVE), as well as the enthalpies of the complexes and their transition states, are summarized in Table 1 . Throughout the paper, we will report only the enthalpy term at standard state, unless stated otherwise. We chose enthalpies over Gibbs free energies because an enthalpy is available (12) for comparison. Furthermore, the entropy contribution (-T∆S) to the Gibbs free energy barrier, on average 5.8 kcal mol -1 , is practically independent of the number of water molecules: it varies from 5.1 to 6.5 kcal mol -1 without apparent pattern for 1-5 H 2 O. Net atomic charges were obtained within the quantum theory of atoms in molecules (QTAIM) (25) with the AIMPAC module PROAIM (26) . The natural bond orbital (NBO) program (NBO 3.1) (27) was used to study the charge transfer in the complexes (28) .
Results and discussion

Approach to the problem
While the NSO group is commonly considered a heterocumulene and, from 17 O NMR (29) and computational (2) studies, the S=O bond is best described as a four-electron bond not unlike the carbonyl C=O bond, the electronic structure of N-sulfinyl species can be represented as a set of resonance structures, shown in Scheme 2. Obviously, a change of substituent on nitrogen can change the reactivity of the NSO group; nevertheless, sulfur is the most positive centre and either nitrogen or oxygen is considered as the negative end of the bond dipole. We chose to study the computationally expensive N-sulfinylaniline (1) (instead of the more common approach to substitute the phenyl group for a smaller methyl group or the H atom (16)) because it is the only compound for which quantitative experimental data are available, and for comparison with the reactivities of aliphatic N-sulfinyl species in a subsequent paper. 4 The calculated net atomic charges of 1 confirm the idea of sulfur being the most electrophilic atom of the NSO group (Fig. 1) . Consequently, in a nucleophilic attack, the oxygen atom of the water molecule with a negative charge of −1.151 au is expected to attack the sulfur atom. A proton can then be transferred to either the oxygen (attack across the S=O bond, path a) or the nitrogen (attack across the N=S bond, path b) atom of the NSO group (Scheme 3), similar to hydrogen isocyanate hydrolysis (16) .
Reaction across the S=O bond includes two steps, the protonation of oxygen with formation of N-phenylsulfurimidic acid and a subsequent 1,3-hydrogen shift to form the intermediate N-phenylsulfinamic acid, which decomposes with formation of the final products, aniline and sulfur dioxide. Reaction across the N=S bond, on the other hand, is a onestep process that directly yields N-phenylsulfinamic acid.
Structures from the interaction across the S=O bond are denoted with the letter "a", those from the interaction across the N=S bond with the letter "b". Structures with interactions across both S=O and N=S bonds are given the letter "c". The subscript "w" is used for the designation of atoms that belong to water molecules. In the description of complexes with multiple water molecules, "H w1 " determines a hydrogen atom of the water molecule that interacts with the oxygen atom of the S=O bond, and "H w2 ", a hydrogen atom of the water molecule that interacts with the nitrogen atom of the N=S bond.
In the following, we examine how the preference for reaction across the N=S or S=O bond depends on the number of water molecules participating in the reaction. The complete reaction coordinate for the hydrolysis of 1 is presented for the participation of two water molecules.
Reaction of N-sulfinylaniline with one water molecule
Interaction with one water molecule is the simplest model in the study of the hydrolysis of N-sulfinylaniline (1) . Even though the formation of a prereaction complex usually precedes the reaction, we were only able to locate complex 2a with water situated on top of the S=O bond (Fig. 2) . Our search for 2b with water on top of the N=S bond produced numerous hydrogen-bonded complexes, but there does not seem to be a stationary point on the potential energy surface for 2b. 5 The intermolecular distance between the sulfur atom and the oxygen atom of water (O w ) in 2a is 319.0 pm (Table 2) , with the water molecule forming a close to perpendicular alignment with the plane of 1 (the NSOO w dihedral angle is 101.9°). Even though this distance is less than 325.0 pm, which is the accepted value for the sum of the van der Waals radii of oxygen and sulfur atoms (30) , according to an analysis of the electron density within QTAIM, there is no interaction between these atoms. 5 The complex 2a is stabilized by a hydrogen bond with an O···H w distance of 240.4 pm and an OH w O w angle of 130.8°. This nonideal hydrogen bond geometry is in good agreement with the small stabilization energy of 0.6 kcal mol -1 upon complex formation (Table 3). The perpendicular attack on sulfur is in stark contrast to the in-plane attack of water on the carbon atom in HNCO (16) .
The activation enthalpy for the reaction of 1 with one water molecule is very high with 31.8 and 35.7 kcal mol -1 for transition states 2a-TS and 2b-TS, respectively ( Fig. 2 and Table 3 ). The barriers are calculated from the enthalpies of the reagents for lack of complex 2b as a reference. The reaction across the S=O bond (path a) is favoured by 3.9 kcal mol -1 .
Reaction of N-sulfinylaniline with two water molecules
Introduction of a second water molecule allows the formation of a water dimer, which increases the nucleophilic properties of water towards the electrophilic sulfur. The negative charge on the oxygen atom of the original water molecule is increased by 0.045 au from -1.151 au in the monomer to −1.196 au in the dimer (Fig. 1) . Unlike in the interaction with one water molecule, both prereaction complexes 3a and 3b were located (Fig. 3) . This is also different from HNCO hydrolysis in that prereaction complexes of HNCO with water chains (dimers and trimers) were not found (16) . Selected geometrical parameters of 3a and 3b are shown in Table 2 . Stabilization in both complexes is achieved through an S···O w interaction along with hydrogen bond formation. The S···O w interaction is mostly due to the electrostatic attraction between sulfur and water oxygen atoms, combined with some charge transfer from the lone pair of O w into the antibonding orbital of the N=S bond (π * = N S ), found for 3a from an NBO analysis. 5 As expected, complexation across the S=O bond primarily affects the S-O bond length, and complexation across the N=S bond mainly influences the N-S bond length. The lengthening of both bonds in their respective complexes to a similar degree coincides with the contraction of the second cumulated double bond (the changes in bond lengths from 1 are given in Table 2 for ease of comparison). But while 3a exhibits the close to perpendicular arrangement between the plane of 1 and the water molecule complexed to sulfur that we also observed for 2a, there is a much larger deviation from 90°found in 3b. In addition, the S···O w intermolecular distance in 3b is significantly larger than that in 3a, suggesting a nonideal arrangement of its constituent fragments. These findings are nicely in accord with those for complexation with one water molecule and offer an explanation as to why 2b could not be located. The requirements of a perpendicular attack of O w on sulfur and an in-plane N···H w O hydrogen bond (the OSNH w2 dihedral in 3b is close to 180°, Table 2 ) prevent the formation of 2b and render 3b somewhat strained. This interpreta- tion is supported by the relative energies of 3a and 3b, with 3b less stable by 1.6 kcal mol -1 . The formation of sixmembered cycles reduces the strain that exists in the fourmembered cycles of transition states 2a-TS and 2b-TS in the reaction of 1 with one water molecule. The full reaction coordinates for the reaction of N-sulfinylaniline (1) with two water molecules are given in Fig. 4 for water addition across the S=O bond (path a) and in Fig. 5 for addition across the N=S bond (path b).
The formation of 3a is favourable by 7.6 kcal mol -1 with a stabilization of 4.3 kcal mol -1 in addition to the 3.3 kcal mol -1 of energy gain due to water dimer formation. The experimental enthalpy of association in the water dimer was found to be -3.59 ± 0.5 kcal mol -1 at 373 K (31). As was proposed (12) , hydration of sulfur with protonation of oxygen of 1 is indeed the rate-determining step of the reaction. The activation enthalpy is 24.3 kcal mol -1 , a value that includes 2.3 kcal mol -1 because of the loss of planarity in 1 (1 in 3a is planar whereas in both the complex 3a′ and the transition state 3a-TS, CCNS and CNSO torsional angles are 6.1°and 23.6°, respectively). The torsions allow a decrease of the S···O w interatomic distance from 314.6 pm in 3a to 299.4 pm in 3a′, and this shortening of about 15 pm increases the strength of the interaction and facilitates the hydration of sulfur. Further along the reaction path, the water molecule in the primary reaction product (the complex of N-phenylsulfurimidic acid and water) changes its orientation, which allows it to abstract a proton from one hydroxyl group of N-phenylsulfurimidic acid and simultaneously protonate the acid's nitrogen atom. This "water-assisted" 1,3-hydrogen shift 6 requires only 1.8 kcal mol -1 and yields the complex of N-phenylsulfinamic acid and water in which the orientation of the water molecule cannot facilitate the protonation of nitrogen. Thus, the unassisted decomposition of N-phenylsulfinamic acid into the complex of aniline, sulfur dioxide, and water requires the large activation enthalpy of 15.9 kcal mol -1 . We find exactly the same value, 15.9 kcal mol -1 , for the enthalpy of activation for the decomposition of N-phenylsulfinamic acid in the absence of any water. 6 The formation of 3b is less favourable than that of 3a, as previously discussed, and only shows a stabilization of 2.7 kcal mol -1 in addition to the stabilization from water dimer formation (Fig. 5) . The reaction of the water dimer with 1 again is the rate-determining step and an activation enthalpy of 24.8 kcal mol -1 is required, which is only 0.5 kcal mol -1 higher than (and therefore comparable with) that for the reaction across the S=O bond. As in Fig. 4 , this activation barrier includes 1.8 kcal mol -1 because of the torsion of the NSO group out of the plane of the aromatic ring (the CCNS and CNSO torsional angles of 46.0°and 7.9°, respectively, are similar in the complex 3b′ and in the transition state 3b-TS). As in 3a′, the S···O w interaction is strengthened through a decrease in the intermolecular distance by 37 pm, from 377.9 pm in 3b to 340.9 pm in 3b′. Unlike 3a-TS in Fig. 4 , 3b-TS in Fig. 5 complex of N-phenylsulfinamic acid and water. Hydrogen bonding to the hydroxyl group of N-phenylsulfinamic acid allows for a reorientation of the water molecule that moves it into the ideal position for protonation of the nitrogen atom and facilitates the decomposition of the acid. In this waterassisted decomposition the activation barrier is decreased with respect to the nonassisted barrier in Fig. 4 by more than 10 kcal mol -1 to a mere 5.5 kcal mol -1 . This finding, as well as the assistance of water in the 1,3-hydrogen shift, which was discussed in the previous mechanism (path a, Fig. 4) , demonstrates the importance of the explicit treatment of water molecules in these hydrolysis reactions, a conclusion that was drawn earlier in amide (32, 33) and isocyanate hydrolysis (16) .
The increase in the number of water molecules from one to two allows a decrease in the activation barriers for the hydrolysis reaction of approximately 8-11 kcal mol -1 (from 32.4 in 2a-TS to 24.3 kcal mol -1 in 3a-TS, and from 35. 7 7 in 2b-TS to 24.8 kcal mol -1 in 3b-TS). This is at least partially due to the relief of strain on going from fourmembered cycles in 2a-TS and 2b-TS to the six-membered cycles in 3a-TS and 3b-TS, as was mentioned earlier. The N=S bond demonstrates a higher sensitivity to this effect because the hydroxyl group of the second water molecule now approaches 1 in the NSO plane (with a OSNH w2 torsional angle of 177.2°, Table 2 ), where the nitrogen lone pair lies, confirming the idea of donor-acceptor directionality in hydrogen bond formation.
Our finding about the almost equal probability of both mechanisms owing to activation barriers of 24.3 kcal mol -1 for path a and 24.8 kcal mol -1 for path b seems quite different from the results for HNCO hydrolysis (16) . Calculations in the gas phase and in a solvent field based on the polarizable continuum model (PCM) with MP2/6-31G(d,p), along with other methods, have shown that even though two water molecules are important for HNCO hydrolysis, in all cases studied (the presence of one, two, and three water molecules was considered), reaction across the N=C bond is favoured. With two water molecules, for example, the activation energy decreases from 28 kcal mol -1 for reaction across the C=O bond to 11 kcal mol -1 for reaction across the N=C bond (values reported in the paper are E tot + ZPVE, given in kJ mol -1 , and based on the corrected energies of the reactants). In the presence of a solvent field this difference becomes much smaller though, 15 kcal mol -1 for reaction across C=O to 18 kcal mol -1 for reaction across N=C (single point energy calculations on the gas-phase optimized geometries). To be able to compare results more directly, we also report ZPVE corrected energies in Table 1 . From these, we obtain an activation energy of 19.2 kcal mol -1 for reaction across S=O and 21.1 kcal mol -1 for that across N=S, both based on the corrected energies for 1 and two water mole- cules. Obviously, the direct comparison is limited by the different substituents (phenyl in 1 and hydrogen in HNCO), and further analysis of the difference between RNSO and RNCO hydrolysis will only be reported in our forthcoming paper on substituent effects in the reactivity of NSO species. 4 
Reaction of N-sulfinylaniline with three and five water molecules
Compared to the reaction of N-sulfinylaniline with one and two water molecules, water trimer complexation to 1 in 4a and 4b (Fig. 6 ) further increases the flexibility of the systems owing to formation of eight-membered cycles. As can be seen from Table 2 , the lengths and, consequently, the strengths of the S=O and N=S bonds do not differ much in complexes of 1 with two (3a, 3b) and three (4a, 4b) water molecules. But inclusion of the third water molecule significantly strengthens the weak S···O w interaction. The effect is especially pronounced for complexation of the water trimer across the N=S bond. The S···O w intermolecular distance decreases by 81.7 pm, from 377.9 pm in 3b to 296.2 pm in 4b (Table 2 ). For complexation towards the S=O bond this effect is less pronounced, but still important, as the S···O w distance decreases by 16.7 pm going from 3a to 4a. Along with this, a contraction of the N···H w2 hydrogen bond by 4.7 pm is found going from 3b to 4b. In contrast, comparing 3a and 4a, the O···H w1 hydrogen bond distance increases by 3.4 pm.
The strengthening of the S···O w intermolecular interaction in complexes 4a and 4b further decreases the activation barrier for hydrolysis by approximately 2-5 kcal mol -1 for the two pathways (from 24.3 in 3a-TS to 22.4 kcal mol -1 in 4a-TS for the reaction across the S=O bond, and from 24.8 in 3b-TS to 19.9 kcal mol -1 in 4b-TS for the reaction across the N=S bond, Table 3 ). The one-step mechanism, reaction across the N=S bond, is now favoured by 2.5 kcal mol -1 , as two requirements, "perpendicular" attack on sulfur (NSOO w torsional angle 107.0°) and in-plane protonation of nitrogen (OSNH w2 torsional angle 170.2°), are fulfilled without apparent strain.
The two different attacks on the NSO group are combined in 4c, where hydrogen bonding to both nitrogen and oxygen atoms of the NSO group assists in the strengthening of the S···O w interaction, which is 12.2 and 13.9 pm shorter than in 4a and 4b, respectively (Table 2) . But both hydrogenbonding interactions are weaker in 4c than in either 4a or 4b. The increase in the O···H w1 distance in 4c from 4a by 1.7 pm is considered to be insignificant, and this is reflected in the enthalpy barrier of 22.5 kcal mol -1 for reaction via 4c-TSa, which is similar to the activation enthalpy of 22.4 kcal mol -1 for 4a-TS. In contrast, the increase in the N···H w2 intermolecular distance in 4c from 4b by 41.7 pm, together with a less favourable OSNH w2 dihedral angle of 122.0°in 4c, contributes to 4c-TSb being less stable than 4b-TS and increases the activation barrier by 4.1 kcal mol -1 . As can be seen from Figs. 3 and 6, the structures for 4c-TSa and 4c-TSb are very similar to those obtained for reaction of 1 with two water molecules (3a-TS and 3b-TS). The third water molecule in complex 4c, and consequently in 4c-TS4a and 4c-TSb, might be seen as a bystander that does not directly react with 1, yet it participates through hydrogen bond formation, which weakens both S=O and N=S bonds ( Table 2 ). The elongation of these bonds from those in 1 is less efficient than in 3a and 3b and consists of 0.6 pm for the S=O and 0.1 pm for the N=S bond in 4c, but the weak-ening of the bonds of the NSO group is accompanied by a significant shortening of the S···O w intermolecular distance in 4c by 30.6 and 93.9 pm from 3a and 3b, respectively, which facilitates hydrolysis. This is reflected in a decrease in the activation barrier (by 2.2 kcal mol -1 in 4c-TSa compared to 3a-TS, and by 0.8 kcal mol -1 in 4c-TSb compared to 3b-TS).
Complex 5c (Fig. 6 ) represents the combination of 4a, 4b, and 4c in that both points of attack to the NSO group are connected as in 4c, but the strain in 4c is removed by the inclusion of water molecules, similar to 4a and 4b. The S···O w intermolecular distance of 271.8 pm in 5c is found to be the shortest among all complexes studied. The O···H w1 distance in 5c is shorter than in both 4a and 4c, whereas the N···H w2 interaction is much shorter (by 39.5 pm) in 5c than in 4c, but longer by 2.2 pm compared to 4b. The increase in the number of water molecules up to five further decreases the activation enthalpy for the hydrolysis reaction (only the reaction across the N=S bond was studied), but the barrier through 5c-TSb is only 1.6 kcal mol -1 smaller than that in the corresponding reaction with three water molecules (4c-TSb).
Our results from the study of the influence of the number of water molecules in the hydrolysis of N-sulfinylaniline (1) are summarized in Fig. 7 , which shows the decrease in the activation enthalpy with an increase in the number of water molecules for both pathways (reaction across the S=O and the N=S bond). For the reaction across N=S with one water molecule, the grey zone in Fig. 7 , see the previous discussion. 7 The reaction barriers with one water molecule are prohibitively large, and therefore two water molecules are important for hydrolysis, as is suggested by the solvent isotope effect (12) . Similar conclusions were drawn in the computational study of HNCO hydrolysis (16) . However, there is a crossover in mechanism at this point, and participation of a third water molecule only benefits the reaction across the N=S bond, in contrast to HNCO hydrolysis (16) . Such a third-order dependence on water concentration has been proposed for the hydrolysis of the related 4-chlorophenyl isocyanate (15) . Figure 7 also suggests that the values for the enthalpy barriers are more or less converged for both pathways (with three water molecules for attack across S=O and five water molecules for that across N=S), and that larger numbers of water molecules need not be considered. The "converged" values for the activation enthalpy of about 23 kcal mol -1 for path a and 18 kcal mol -1 for path b are obviously still much higher than the experimentally determined values of 9.88 (11) and 5.7 kcal mol -1 (12) . But as both experimental barriers were determined for a catalyzed hydrolysis (autocatalysis from aniline in the former case, pyridine catalysis in the latter), this is not surprising. 
Conclusions
We have presented a computational study on complexes of N-sulfinylaniline (Ph-N=S=O, 1) with one to three and five water molecules and on the mechanism of neutral hydrolysis of 1. While the complex of 1 with one water molecule does not possess an interaction between the sulfur atom and the water oxygen atom, water chains of two, three, and five molecules lead to increasingly strong S···O interactions. In these complexes, water attacks on sulfur close to perpendicular to the NSO plane.
Two mechanisms have been investigated for reaction of 1 with one to three water molecules, hydration of the sulfur atom with protonation of either oxygen or nitrogen atoms of the NSO group. The full reaction coordinate was probed for hydrolysis with two water molecules, and S···O interaction with proton transfer from water is found to be the ratedetermining step in both mechanisms. Unrealistically high activation barriers are found for reaction with one water molecule, and two water molecules are important for hydrolysis. This is in good agreement with the first-order dependence in both water and base that was observed for the basecatalyzed reaction, if one water molecule is considered to take the role of the base. Reaction across the S=O bond is preferred with one water molecule, whereas an increase in the number of water molecules leads to a change in mechanism. For two water molecules, both mechanisms are equally probable; for three water molecules, reaction across the N=S bond is favoured. As expected, the calculated enthalpies of activation for the neutral hydrolysis reaction are several kcal mol -1 larger than the experimentally determined barriers for the base-catalyzed reaction.
The results presented here have revealed differences between PhNSO and HNCO, the smallest member of the related isocyanates, in both complexation with water and mechanism for hydrolysis with an increasing number of water molecules. We are currently investigating this further with a study of substituent effects in N-sulfinylamine hydrolysis.
